Abstract. Germacrone is one of the major bioactive components of the traditional Chinese Medicinal plant Curcuma aromatica Salisb. and has been shown to possess anti-tumor properties. In the present study, the anti-proliferative effect of germacrone on human glioma cells and the molecular mechanism underlying its cytotoxicity were investigated. Treatment of the U87 and U251 human glioma cell lines with germacrone inhibited the cell proliferation in a dose-and time-dependent manner as assessed by MTT assay, while significantly lower effects were observed on normal human astrocytes. Flow cytometric analysis and DNA fragmentation revealed that germacrone promoted apoptosis of glioma cells, associated with an increased expression of p53 and bax and decreased expression of bcl-2. Furthermore, flow cytometric cell cycle analysis revealed that germacrone induced G1 phase arrest, associated with an obvious decrease in the expression of cyclin D1 and CDK2 and an increased expression of p21. In conclusion, the present study suggested that germacrone may be a novel potent chemopreventive drug candidate for gliomas via regulating the expression of proteins associated with apoptosis and G1 cell cycle arrest.
Introduction
Gliomas are the most common tumor types of the central nervous system with a low 5-year survival rate and high morbidity rate (1) . The current clinical treatments for glioma include surgery, radiotherapy and chemotherapy (2) . However, accumulating evidence shows that the resistance of glioma cells to conventional drugs is becoming a problem and it is imperative to find novel and effective drugs against glioma (3).
Traditional Chinese Medicinal plants are a significant source of drugs that serve as potential therapeutic compounds for the treatment of cancer (4) . The rhizome of Curcuma aromatica Salisb. is widely used as a traditional herbal medicine for anti-tumor therapy in China, Japan and other Asian countries (5) . Findings of recent studies have demonstrated that germacrone, a major bioactive component of Curcuma aromatica Salisb., possesses anti-tumor, anti-inflammatory and neuroprotective properties. Claeson et al (6) found that germacrone had an obvious anti-inflammatory activity against carrageenan-induced hind paw edema in rats. Matsuda et al (7) and Morikawa et al (8) reported that germacrone exerted a potent protective effect on acute liver injury in mice induced by D-galactosamine/lipopolysaccharide and tumor necrosis factor-α. Another study showed that the treatment of HepG2 and Bel7402 hepatoma cell lines with germacrone promoted apoptosis associated with the upregulation of bax and the downregulation of bcl-2. The upregulation of p53 and an increase in reactive oxygen species were observed, which suggested that germacrone is a novel potent drug candidate for liver cancer (9) . Furthermore, germacrone was found to inhibit the proliferation of breast cancer cell lines MCF-7 and MDA-MB-231 by inducing cell cycle arrest in the G0/G1 and G2/M phase as well as apoptosis through a mitochondria-mediated caspase pathway (10) . However, to the best of our knowledge, this is the first study to investigate the inhibitory effect of germacrone on human glioma cells. Therefore, in the present study, the anti-proliferative effect of germacrone on glioma cells and normal human astrocytes as well as the mechanism of action of the anti-tumor activity were investigated.
Materials and methods
Germacrone (>95%) was purchased from Sigma (St. Louis, MO, USA). RPMI-1640 culture medium, Dulbecco's medium Eagle's medium (DMEM), fetal bovine serum (FBS), phosphate-buffered saline (PBS), penicillin-streptomycin (PS) and 0.25% (w/v) trypsin/1 mM EDTA were purchased from Gibco (Grand Island, NY, USA). Cells were cultured in DMEM supplemented with 10% FBS, 2 mmol/l glutamine, penicillin (100 U/ml) and streptomycin (100 mg/ml), and maintained at 37˚C and 5% CO 2 in a humid environment. Normal human astrocytes (NHA) were obtained as part of the human astrocytes kit (Gibco) and cultured in astrocyte medium.
MTT assay. Cell proliferation was evaluated by MTT assay. Briefly, the cells were seeded into 96-well plates at a density of 3x10 4 (cells/well) and left to adhere overnight. The cells were then incubated with or without 0-250 µmol/l germacrone prior to addition of 10 ml of 5 mg/ml MTT and incubation in the dark at 37˚C for 2 h. Absorbance was determined at a wavelength of 492 nm. DNA fragmentation. For DNA laddering, following exposure to drug treatment, 2x10 6 cells were suspended in PBS and homogenized in buffer containing proteinase K and RNase. Subsequently, cell lysates were incubated at 50˚C for 30 min, and isopropranol was added. DNA was precipitated and washed by 70% ethanol. DNA was then analyzed using 1.2% agarose gel electrophoresis.
Cell cycle. Cells were seeded at a density of 1.0x10 6 cells and incubated with germacrone at various concentrations (0-250 µmol/l) for 24 h. Following two washes with PBS, the cells were harvested and collected by centrifugation, followed by fixation in ice-cold 70% ethanol at -20˚C overnight. Cells were then collected and stained with 100 µl PI solution for 30 min in the dark followed by cell cycle analysis.
Western blot analysis. Following incubation with germacrone at various concentrations (0-250 µmol/l), total cell lysates were prepared and subjected to SDS-PAGE. For western blot analysis, primary antibodies used included anti-p53, B-cell lymphoma 2 (bcl-2), bcl-2 associated X (bax), cyclin D1 and cyclin D kinase 2 (CDK2) (Cell Signaling, Beverly, MA, USA) as well as p21 and GAPDH (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Anti-rabbit or anti-mouse secondary antibody conjugated with horseradish peroxidase was also used (Pierce Chromatography Cartridges, Rockford, IL, USA). Immunoreactive bands were detected using an enhanced chemiluminescence (ECL) kit for western blot analysis and the ChemiGenius bioimaging system (Syngene, Cambridge, UK).
Statistical analysis. Data were presented as the mean ± standard deviation and processed for statistical analysis by the SPSS program (SPSS, Inc., Chicago, IL, USA). A comparison between groups was made using analysis of variance (ANOVA), and a statistically significant difference between values was defined as P<0.05.
Results

Germacrone inhibits the proliferation of human glioma cells.
To investigate the effects of germacrone on the proliferation of glioma cells, U87 and U251 cells were incubated with 0-250 µmol/l of germacrone for different time periods using the MTT assay. As shown in Fig. 1 , germacrone significantly inhibited the proliferation of U87 and U251 cells in a timeand dose-dependent manner. Compared with glioma cells, exposure of normal human astrocytes to germacrone exerted no obvious inhibitory effect as shown in Fig. 1C .
Germacrone induces apoptosis in human glioma cells. The apoptotic effect of germacrone on human glioma cells was investigated by flow cytometry. The U87 and U251 cell lines were incubated with germacrone at different concentrations for 24 h and the apoptotic rate was analyzed using annexin V and PI staining. As shown in Fig. 2 , treatment with germacrone (50, 150 and 250 µmol/l) for 24 h significantly increased the apoptotic rates of U87 ( Fig. 2A) and U251 (Fig. 2B) compared with the control. The DNA fragmentation experiment also showed that germacrone induced the apoptosis of U87 cells following (Fig. 2C) . Similar DNA ladders were also observed in U251 cells (data not shown).
Germacrone induces cell cycle arrest in G1 phase in glioma cells. Human glioma cells were treated with germacrone at different concentrations for 24 h to investigate its effect on the cell cycle distribution. In the U87 human glioma cell line, germacrone significantly increased the proportion of cells in (Fig. 3A and B) . Similar results were observed in U251 cells following treatment with germacrone ( Fig. 3C and D) . These results demonstrated that germacrone induced cell cycle arrest in G1 phase in human glioma cells.
Effect of germacrone on the expression of apoptosis-and cell cycle-associated proteins.
The expression levels of apoptosisand cell cycle-associated proteins were assessed using western blot analysis. The expression of tumor suppressor gene p53 was significantly increased (Fig. 4A and B) . As shown in Fig. 4C and D, cells treated with germacrone showed an increase in bax expression and a decrease in bcl-2 expression in a dose-dependent manner. Densitometric analysis revelaed that the bax/bcl-2 ratio was significantly increased in a dose-dependent manner following treatment with germacrone (Fig. 4E) . The expression of p21 was significantly increased following treatment with germacrone ( Fig. 5A and B) . The expression of G1-phase regulatory proteins, including CDK2 and cyclin D1, significantly decreased in a dose-dependent manner following treatment with germacrone for 24 h (Fig. 5C and D) .
Discussion
Germacrone is a sesquiterpene derivative and has been shown to be one of the most promising agents against several types of cancer, including liver and breast cancer (9, 10) . However, to the best of our knowledge, its effect on glioma and the underlying molecular mechanism has not been previously explored. In the present study, it was demonstrated for the first time that germacrone inhibited the proliferation of glioma cells by inducing cell cycle arrest in G1-phase and promoted apoptosis. The MTT assay results revealed that germacrone exerted a significant inhibitory effect on the growth of the human glioma cell lines U87 and U251. However, no obvious effect on normal human astrocytes was observed following treatment with germacrone. Taken together, these data showed that germacrone inhibited the proliferation of glioma cells.
Apoptosis is the process of programmed cell death characterized by typical cellular and molecular features, including shrinkage, externalization of phosphatidylserine and condensation of chromatin (11) . The present study has demonstrated that germacrone treatment promoted apoptosis of U87 and U251 as shown by flow cytometry, as well as DNA fragmentation. Cell cycle is a regulated process controlled by cell cycle checkpoints which ensure the fidelity of cell division in various types of cells (12, 13) . However, cell cycle arrest is able to be triggered by various exogenous and endogenous stimulating factors and results in the breakdown of cell division, cell death and/or apoptosis (14) . In the present study, germacrone induced cell cycle arrest in G1 phase, indicating another possible mechanism by which germacrone inhibits the proliferation of glioma cells.
The molecular mechanism of G1 cell cycle arrest and apoptosis induced by germacrone in human glioma cells was further investigated. It is well known that the protein p53, encoded by the TP53 gene, has a crucial role in multi-cellular organisms, where it regulates apoptosis and the cell cycle (15) . When a cell is exposed to damage, p53 is activated and inhibits various downstream target genes involved in apoptosis and cell cycle arrest, including bax, p53-upregulated modulator of apoptosis (PUMA), bcl-2 and p21 (16) . Bax is a p53 primary-response gene, which is involved in a p53-regulated pathway for the induction of apoptosis. p53 directly activates the proapoptotic protein bax, which permeabilizes mitochondria and engages in the apoptotic program (17) . p53 also accumulates in the cytosol to activate the expression of bax and subsequently triggers apoptosis (18) . The anti-apoptotic protein bcl-2 has been shown to prevent the disruption of mitochondrial physiology and block the release of cytochrome C from mitochondria, which is a response gene of p53 and involved in p53-regulated apoptosis (19) . In the present study, germacrone treatment resulted in an increase in p53 and bax expression and a decrease in bcl-2 in a dose-dependent manner. The bax/bcl-2 ratio was significantly increased in a dose-dependent manner following treatment with germacrone. These results showed that germacrone promoted apoptosis of glioma cells.
The protein p21 is a tumor suppressor and acts as an inhibitor of cell cycle progression. It negatively regulates the G1/S phase transition and its up-regulation results in cell cycle arrest in G1 phase (20) . In association with CDK2 complexes, it inhibits kinase activity and blocks cell cycle progression through G1/S arrest (21) . CDK2 is a member of the cyclin-dependent kinase family of Ser/Thr protein kinases and is essential for the G1/S transition (22) . The central role of CDK2 in the regulation of the cell cycle makes it a promising indicator for studying inhibitory molecules that are able to modify the degree of cell proliferation. CDK2 has been shown to be a crucial regulator of S-phase progression and was evaluated as an anticancer drug target (23) . Cyclin D1 promotes progression through the G1-S phase of the cell cycle and the over-expression of cyclin D1 has a pivotal role in the development of numerous cancers, including breast, colon and prostate cancer, as well as melanoma (24, 25) . The present study has shown that the protein expression levels of cyclin D1 and CDK2 were significantly decreased, while p21 expression was significantly increased, suggesting that germacrone treatment induced cell cycle arrest in G1 phase.
In conclusion, results of the present study have demonstrated that germacrone inhibited the proliferation of glioma cells by regulating the expression of proteins associated with cell cycle arrest in G1 phase and apoptosis. Therefore, germacrone may be a novel potential drug for the treatment of gliomas in the future.
